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DevelopmentNetrin-1 and DCC are well known for their roles in neurite growth, axonal guidance, and neuronal migration.
Recently, a number of studies showed that DCC is involved in the induction of apoptosis, and this proapoptotic
activity can be blocked in the presence of Netrin-1. However, here, we found that DCC is required for the
survival of two types of neurons selectively in the developing mouse retina where DCC is abundantly
expressed. Our results showed that the DCC−/− retina displayed a reduced ganglion cell layer with relatively
normal neuroblastic layer. Immunostaining assays revealed that in DCC−/− mice, initial neurogenesis within
retina was unchanged while the numbers of differentiated retinal ganglion cells and displaced amacrine cells
in ganglion cell layer were greatly reduced due to increased apoptosis. By contrast, other neuronal types
including horizontal cells, bipolar cells, amacrine cells, photoreceptors, and Müller cells appeared normal in
DCCmutant retinas. Moreover, DCCkanga mice that lack the intracellular P3 domain of DCC receptor displayed
the same defects as DCC−/− mice. Thus, our ﬁndings suggest that DCC is a key regulator for the survival of
speciﬁc types of neurons during retinal development and that DCC–P3 domain is essential for this developing
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Netrin-1 and its DCC receptor are well known for their roles in
directing axon elongation, attraction, and repulsion (Chan et al., 1996;
Dickson, 2002; Keino-Masu et al., 1996). Recently, a group of studies
have provided the evidence that Netrin-1/DCC pair may also regulate
neuronal survival during CNS development (Mehlen and Mazelin,
2003). For example, Netrin-1 has been found to be a survival factor for
commissural neurons of the spinal neural tube (Furne et al., 2008),
inferior olivary neurons (Llambi et al., 2001; Marcos et al., 2009), and
neural crest cells (Jiang et al., 2003). The survival activity of Netrin-1 is
proposed to be based on the inhibition of the proapoptotic activity of
its DCC receptor (Furne et al., 2008), which belongs to the family of
dependence receptors (Mehlen et al., 1998). Such receptors confer
cellular state of dependence to their ligands by inducing apoptosis
when unoccupied but inhibiting apoptosis in the presence of their
ligands (Furne et al., 2006; Matsunaga et al., 2004; Mehlen and
Thibert, 2004). A number of in vitro studies have demonstrated thatthe expression of DCC induced apoptosis in the absence of Netrin-1
(Chen et al., 1999; Mehlen et al., 1998), while the presence of Netrin-1
blocked this proapoptotic activity (Shin et al., 2007). However, our
recent in vivo study revealed that in DCC mutant embryos, the cell
death of noradrenergic neurons in the locus coeruleus was unexpect-
edly increased (Shi et al., 2008). This result implied that under in vivo
condition, DCC is also involved in the regulation of neuronal survival
in contrast to its role in apoptosis induction. To further conﬁrm this
result, we examined the in vivo effects of DCC on neuronal survival in
developing mouse retina, where DCC is expressed abundantly
throughout embryonic and postnatal stages (Gad et al., 2000).
The vertebrate retina provides a relatively simple and suitable
model for the study of cell differentiation during neural development.
During mammalian retinogenesis, six distinct neuronal cell types
(cone and rod photoreceptors, horizontal cells, bipolar cells, amacrine
cells, and ganglion cells) and one glial type (Müller cells) are
generated from common multipotent retinal progenitor cells (RPCs)
(Masland, 2001; Turner and Cepko, 1987). The temporal order of cell
generation of these diverse cell types is strictly regulated (Cepko et al.,
1996; Harris, 1997; Livesey and Cepko, 2001; Rapaport et al., 2004). In
the mice, retinal ganglion cells (RGCs) are the ﬁrst neuronal
population generated from RPCs at around embryonic (E) day 11.5,
followed by horizontal cells, cones, amacrine cells, rods, bipolar cells,
and Müller glia (Cepko et al., 1996). As a practicable and simple
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leading to a better understanding of molecular mechanisms that
govern cell fate speciﬁcation, differentiation, and axon guidance
(Cepko, 1999; Cepko et al., 1996; Deiner et al., 1997; Livesey and
Cepko, 2001; Ohsawa and Kageyama, 2008).
In the present study, we show that DCC is expressed in the mouse
retina as early as E11.5 and is required for the survival of speciﬁc types
of retinal neurons. Using DCC−/− and DCCkanga mice that lack the
intracellular P3 domain of DCC, we found that the thickness of
ganglion cell layer (GCL) was signiﬁcantly reduced. Immunostaining
results showed that the numbers of RGCs and displaced amacrine cells
in the GCL were greatly decreased in the DCC−/− or DCCkanga retinas
while the numbers of other neuonal types and Müller glia were
unaffected. Our results further revealed that the reduced RGCs and
displaced amacrine cells were due to the substantial apoptosis from
early to later embryonic stages. However, initial neurogenesis and
differentiation were relatively normal. Thus, our ﬁndings describe the
requirement of DCC signaling in maintaining the survival of RGCs and
displaced amacrine cells and reveal that the DCC–P3 domain is
necessary for this process.
Materials and methods
Generation, genotyping, and maintenance of animals
DCC−/− and DCCkanga mice were generated by mating heterozy-
gote parents and identiﬁed by genotyping as previously described
(Fazeli et al., 1997; Finger et al., 2002). The morning the vaginal plug
was observed was designated as E0.5. Heterozygous mice were
maintained in themouse facility according to procedures approved by
the Animal Experiment Administration Committee of the Fourth
Military Medical University and Tongji University School of Medicine,
China.
BrdU labeling
Pregnant heterozygous mice were given a single intraperitoneal
injection of BrdU (60 μg/g of body weight; Sigma, St. Louis, MO, USA)
on postcoitum day 11.5, 12.5, 14.5, 16.5, or postnatal day 0 (P0).
Embryos were dissected out 2 h later and ﬁxed with 4% paraformal-
dehyde in 0.1 M phosphate buffer (pH 7.4) overnight. After
cryoprotection with 25% sucrose in 0.01 M phosphate-buffered saline
(PBS; PH 7.4), frozen sections were cut and processed for immunos-
taining with anti-BrdU as described below.
Nissl staining, immunoﬂuorescence, and in situ hybridization
For Nissl staining, tissue sections were immersed in 0.1% Cresyl
Violet dye (Sigma) for 15 min, dehydrated in graded alcohols, cleared in
xylenes, and coverslipped with Permount (Fisher Scientiﬁc Co.,
Pittsburgh, PA, USA). For immunoﬂuorescence, the sections were
blocked with 5% normal goat serum and 1% BSA in PBS containing
0.3% Triton X-100 for 30 min at room temperature and then incubated
with the primary antibodies overnight at 4 °C. For double-immunoﬂu-
orescent staining, two antibodies were added at the same time. The
following antibodies were used: goat anti-Bhlhb5 (1:100; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), mouse anti-BrdU (1:100;
Calbiochem, Darmstadt, Germany), goat anti-Brn3 (1:200; Santa
Cruz), rabbit anti-Calbindin (1:1000; Chemicon, Billerica, MA, USA),
rabbit anti-Calretinin (1:1000; Chemicon), rabbit anti-cleaved Caspase3
(Cell Signaling Technology Inc., Beverly, MA, USA), goat anti-DCC
(1:1000; Santa Cruz), rabbit anti-glial ﬁbrillary acidic protein (1:500;
Dako, Glostrup, Denmark), rabbit anti-glutamine synthetase (1:500; BD
Pharmingen, SanDiego, CA, USA),mouse anti-Islet1 (1:100; DSHB, Iowa
City, IA, USA), goat anti-NeuroD1(1:200; Santa Cruz), mouse anti-
Neuroﬁlament 165 kDa (NF165) (1:500; DSHB), rabbit anti-Pax6(1:200; Chemicon), rabbit anti-PKCα (1:600; Santa Cruz), mouse anti-
Rhodopsin (1:500; Chemicon), mouse anti-Syntaxin (1:1000; Sigma),
and mouse anti-β-tubulin III (Tuj1) (1:2000; Chemicon). Species-
speciﬁc secondary antibodies conjugated toCy2 or Cy3 (1:1000; Jackson
ImmunoResearch, West Grove, PA, USA) were used to detect primary
antibodies. For detection of cone photoreceptors, ﬂuorescein-conjugat-
ed peanut agglutinin (PNA; 1:200; Vector Laboratories, Burlingame, CA,
USA) was employed. The ﬂuorescent signals were visualized under a
Nikon80i or a Zeiss LSM510confocalmicroscope. TUNEL staining and in
situ hybridization were performed as described previously (Shi et al.,
2008). The antisense DIG-labeled RNA probes, including Atoh7 (0.4 kb),
DCC (0.8 kb), Otx2 (0.8 kb), and Ptf1a (0.5 kb) used for in situ
hybridization, was ampliﬁed by PCR using cDNA templates prepared
from E12.5 mouse embryos.
Data analysis
At least three to ﬁve independent retinas from DCCmutant, DCCkanga,
or wild-type mice were collected and analyzed. For each retina, Nissl
stained or immunolabeled cells were counted under themicroscope from
ﬁve different sections. The counts ofNissl–stained or immunostained cells
were performed from an area with a distance of approximate 0.2 mm to
the optic disk. Brn3-, BrdU-, or Tuj1-immunoreactive cells were counted
from the whole retina sections. For quantiﬁcation of apoptotic cells,
TUNEL- or Caspase3-positive cells were counted. All data were analyzed
using OriginPro7.5 software. Statistical signiﬁcance was determined by
the Student's t-test, and P values less than 0.05 were considered
statistically signiﬁcant.
Results
DCC is expressed in early developing mouse retina
The expression of DCC protein and mRNA in mouse retina was
examined by immunostaining and in situ hybridization, respectively.
We found that DCC expression was ﬁrst observed as early as E11.5,
when very few cells were DCC immunoreactive (arrows in Fig. 1A). As
development progressed, the number of DCC-expressing cells in the
retina gradually increased from E12.5 to E14.5 (Fig. 1B–D). Note that
during these stages, DCC was strongly expressed in the inner
neuroblastic layer (INB) but weakly in the outer neuroblastic layer
(ONB). When retinal development proceeded to E16.5, high levels of
DCC protein were present at the junction of the INB and ONB (Fig. 1E),
where the differentiating amacrine cells locate (Gad et al., 2000). At
P0, DCCs was still highly expressed in the region between the INB and
ONB, and those with elongated processes extending to the outer
limiting membrane, a characteristic of Müller glial cells (Fig. 1F).
During postnatal development and in adulthood, DCC expression was
downregulated and mainly observed in the cells with the processes
throughout the retina (Fig. 1G, H).
In the early phases of retinal development (E11–E15), strong DCC
expression was mainly localized in the INB (Fig. 1B–D) where the ﬁrst
postmitotic neurons reside after migrating through the ONB. This
expression pattern indicates that DCC expression was initiated in the
earliest differentiating neurons. RGCs and amacrine cells are among
the ﬁrst-born neurons during retinal development. To examine
whether DCC is expressed in these neurons, we performed double
immunostaining of DCC with Brn3 (a marker for RGCs) (Liu et al.,
2000), Islet1 (a marker for RGCs and subset of amacrine cells)
(Elshatory et al., 2007), or Bhlhb5 (a marker for amacrine cells) (Feng
et al., 2006). Our results showed that DCC was co-localized with Brn3
(Fig. 2A–D, arrows in panel D) and Islet1 (Fig. 2E–H, arrows in panel
H) in many cells in the INB and with Bhlhb5 in some cells in the ONB
(Fig. 2I–L, arrows in panel L). Thus, DCC is expressed in the mouse
retina throughout embryonic and postnatal stages, and during early
Fig. 1. The expression of DCC in the developing and postnatal retina. DCC protein (A, C, E–H) andmRNA (B, D) were expressed in embryonic retina at E11.5, E12.5, E13.5, E14.5, E16.5,
P0, P14, and P60. Note that low-level DCC expression was ﬁrst observed at E11.5 (A, arrows), while from E12.5 to E14.5 (B–D), it was beginning at a high level in the INB and relatively
a low level in the ONB. At E16.5 and P0, DCC was expressed highly in the region between the INB and ONB (E, F) and during postnatal development and in adulthood mainly in the
cells with the processes throughout the retina (G, H). GCL, ganglion cell layer; INB, inner neuroblastic layer; INL, inner nuclear layer; IPL, inner plexiform layer; NBL, neuroblastic
layer; ONB, outer neuroblastic layer; ONL, outer nuclear layer; OPL, outer plexiform layer. Scar bars, 50 μm (A–H).
Fig. 2. DCC is expressed in the early-born postmitotic neurons in the developing retina. E12.5 and E13.5 retinal sections were co-immunostained with DCC and Brn3 (A–D), DCC and
Islet1 (E–H), and DCC and Bhlhb5 (I–L) antibodies with Hoechst counterstaining. DCC/Brn3 (C, D), DCC/Islet1 (G, H), and DCC/Bhlhb5 (K, L) co-localized well in many of postmitotic
neurons in the INB andONB. Panels (D), (H), and (L) are the respectivemagniﬁcation views of boxed area in panels (C), (G), and (K). Arrows and arrowheads in panels (D), (H) and (L)
refer to the double-labeling and DCC single-labeling cells, respectively. INB, inner neuroblastic layer; ONB, outer neuroblastic layer. Scar bars, 50 μm (A–C; E–G; I–K), 20 μm (D, H, L).
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cells.
DCCmutant causes a signiﬁcant loss of RGCs and displaced amacrine cells
To determine the contribution of DCC to the development of mouse
retina, we employed DCC knockout mice to study its possible functions
in the developing retina. No expression of DCC mRNA or DCC protein
was detected in DCC−/− retinas (Supplemental Fig. 1). Nissl staining
showed that DCC mutant retinas at E12.5 and 16.5 were indistinguish-
able from wild-type mice (Fig. 3A–D). However, mutants at P0
demonstrated signiﬁcantly reduced thickness of the GCL (Fig. 3F, F′,
arrow in panel F′) with relatively unaffected neuroblastic layer (NBL)
compared with wild-type controls (Fig. 3E, E′, arrow in panel E′). DCC
receptor contains three conserved cytoplasmic domains: P1, P2, and P3,
among which P3 is crucial for DCC functions (Finger et al., 2002). ThenFig. 3.Histological characterization of theDCC−/− andDCC kanga retinas. (A–G)Nissl staining o
(C, D), and P0 (E–G). TheDCC−/− (F′, arrow) andDCC kanga (G, arrow) retinas displayedmuch t
normal at P0. Panels (E′) and (F′) are themagniﬁcation views of boxed areas in panels (E) and
O), and DCC kanga (P) retinas at E11.5 (H, I), E12.5 (J, K), E16.5 (L, M), and P0 (N–P). Decrea
indicating that fewer RGCs are present in DCC mutant retinas than in wild-type controls. GC
neuroblastic layer. Scar bars, 200 μm (E, F), 100 μm (L, M), 50 μm (A–D, E′, F′, G–K, N–P). (Q,
numbers of GCL cells in DCC−/− and DCC kanga retinas showed a signiﬁcant 53% and 50% re
Brn3-expressing cells began to decrease at E12.5 with a signiﬁcant 43% reduction. This decre
63% decrease in number of Brn3+ cells, respectively. No statistical difference was observed awe determined the effect of P3 domain on developing retina by taking
advantage ofDCCkangamice, which have a spontaneous deletion of exon
29 that encodes the DCC–P3 domain (Finger et al., 2002). DCCkanga
retinas also showed a signiﬁcantly diminished cellularity in the GCL
(Fig. 3G, arrow in panel G) similar to that of DCC mutant. Quantitative
analysis showed that in comparison towild types, therewere signiﬁcant
reductions of 52.89% and 49.78% for the cells in the GCL of DCC−/− and
DCCkanga retinas, respectively (Fig. 3Q).
The GCL contains two types of cells, RGCs and displaced amacrine
cells. To determine whether these cells were affected in DCCmutants,
we used cell-type-speciﬁc antibodies to RGCs and displaced amacrine
cells. Antibody to Brn3 was used as a marker speciﬁc to RGCs (Liu et
al., 2000). Brn3+ RGCs ﬁrst appeared at E11.5, and their numbers in
DCC mutant retinas were comparable relative to those in wild-type
controls (Fig. 3H, I, R). Signiﬁcantly diminished numbers of Brn3-
expressing cells were observed as early as E12.5 in mutants (Fig. 3J, K,f wild-type (A, C, E, E′),DCC−/− (B, D, F, F′), andDCC kanga (G) retinas at E12.5 (A, B), E16.5
hinner GCL thanwild-type controls (E′, arrow), but the remainder of the retina appeared
(F), respectively. (H–P) The expression of Brn3 in wild-type (H, J, L, N), DCC−/− (I, K, M,
sed numbers of Brn3-positive cells were observed as early as E12.5 and obvious at P0,
L, ganglion cell layer; INB, inner neuroblastic layer; NBL, neuroblastic layer; ONB, outer
R) Quantitation of retinal cells in DCCmutant at P0. (Q) In comparison to wild types, the
duction, respectively. The numbers of NBL cells appeared normal. (R) The number of
ased numbers were more marked at E16.5 and P0, when there was a signiﬁcant 48% and
t E11.5. *Pb0.05, indicates signiﬁcant difference, as compared with wild-type controls.
91M. Shi et al. / Developmental Biology 348 (2010) 87–96R) and remained obvious at E16.5 (Fig. 3L, M, R). The most severe
decrease in number of Brn3+ cells was observed at P0 with a
reduction of 63.41% in DCC−/− retinas (Fig. 3N, O, R). P0 DCCkanga
retinas also demonstrated a decrease by 58.36% in Brn3+ cells
compared to wild types (Fig. 3P). Moreover, the neurons labeled with
Pax6, a differentiation marker for RGCs in the GCL (Belecky-Adams et
al., 1997; Hitchcock et al., 1996), were signiﬁcantly decreased as well
in P0 DCC mutant retinas (Fig. 4A–C).
Another cell type in the GCL is the displaced amacrine cells, which
can be marked by Calretinin, Calbindin, or Syntaxin (Belecky-Adams et
al., 1997; Haverkamp and Wassle, 2000). Our results showed that theFig. 4. Changes in various cell types in DCC−/− and DCC kanga retinas at P0 or P10. (A–C) Decr
that fewer RGCs and displaced amacrine cells were present in the mutants. Note that Pax6-e
red) and Syntaxin+ (Synt, green) in the GCL was decreased while that in the NBL was uncha
appeared normal in the mutant retinas. (G–I) NF165-immunoreactive cells were expressed
Expression of PKCα, PNA, Rhodopsin, and glutamine synthetase (GS) was unaffected in DCC k
INL, inner nuclear layer; IPL, inner plexiform layer; NBL, neuroblastic layer; ONL, outer nuclea
of various cell classes. Calretinin+ displaced amacrine cells in the GCL were signiﬁcantly redu
cells in the NBL (S), NF165+ horizontal cells (T), PKCα+ bipolar cells in the INL (U), PNA+ c
appeared intact in the mutant retinas. *Pb0.05 indicates signiﬁcant difference, as comparednumbers of Calretinin-, Calbindin-, and Syntaxin-expressing cells in the
GCLwere signiﬁcantly diminished in P0mutantmice as comparedwith
those in wild types (Fig. 4A–F, R). However, an intriguing result showed
that Pax6+, Calbindin+, and Syntaxin+ amacrine cells in the NBL were
unaffected in DCCmutant retinas (Fig. 4A–F, S).
Furthermore, we also examined other cell types in the mutant
retinas. Horizontal cells identiﬁed by antibodies to NF165, Calbindin,
and Syntaxin (Haverkamp andWassle, 2000) were unaffected in both
DCC−/− and DCCkanga retinas. These cells appeared to have the normal
frequency and in the correct regions of the NBL (Fig. 4D–I, arrowheads
and arrows). Quantiﬁcation of NF165-labeled cells in the outer NBLeased numbers of Pax6+ (red) and Calretinin+ (Calret, green) cells in the GCL indicated
xpressing cells in the inner NBL appeared intact. (D–F) Expression of Calbindin+ (Calb,
nged. Note that Calbindin/Syntaxin double-labeling cells in the outer NBL (arrowheads)
in the mutant retina with numbers similar to those of wild type (arrowheads). (J–Q)
anga retinas (K, M, O, Q) relative to wild-type controls (J, L, N, P). GCL, ganglion cell layer;
r layer; OPL, outer plexiform layer. Scale bar: 50 μm. (R–X) Quantitation of the numbers
ced in both DCC−/− and DCCkanga retinas compared with wild types (R). Pax6+ amacrine
one photoreceptors (V), Rhodopsin+ rod photoreceptors (W), and GS+ Müller glia (X)
with wild-type controls.
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type controls (Fig. 4T). As DCC−/− mice die at P0 (Fazeli et al., 1997),
to determine whether late-born cell types were affected, we took
advantage of DCCkanga mice, which can survive into adulthood, to
circumvent this difﬁculty. Using bipolar cell maker PKCα (Haverkamp
et al., 2003), cone photoreceptor maker PNA (Chen et al., 2005), and
rod photoreceptor maker Rhodopsin (Davidson et al., 1994), we could
not discern any differences between P10 DCCkanga and wild-type
retinas (Fig. 4J–O, U–W). Finally, using glutamine synthetase and glial
ﬁbrillary acidic protein as markers for Müller glia (Chen and Weber,
2002), we observed no differences between wild-type and mutant
retinas (Fig. 4P, Q, X, and data not shown). Taken together, our
ﬁndings provide the evidence that DCC inactivation results in a
speciﬁc loss of RGCs and displaced amacrine cells in the GCL.
DCC mutant does not affect the neurogenesis of retina RPC
The defective neurogenesis is one of main reasons contributed to
the loss of postmitotic neurons during embryonic development. To
investigate whether defective neurogenesis is responsible for the
substantial cell loss in the GCL, we analyzed the RPC proliferation inFig. 5. The neurogenesis is unaffected in DCC mutant retina. (A–J) BrdU-labeling assays wer
wild-type (A–E) andmutant retina (F–J). The numbers of BrdU+ cells were comparable betw
the INB and signiﬁcantly decreased in DCC−/− retina (H–J) compared to those of wild types (
Quantitation of BrdU+ cells per section at E11.5, E12.5, E14.5, E16.5, and P0 in thewild-type a
DCC mutant relative to wild-type controls. *Pb0.05 indicates signiﬁcant difference, as compthe retina by BrdU proliferation assay. A single BrdU pulse was
delivered to timed-pregnant animals at E11.5, E12.5, E14.5, 16.5, and
P0. Our BrdU-labeling assays demonstrated no signiﬁcant differences
between the populations of S-phase cells in DCC mutant and wild-
type retinas at various developing stages (Fig. 5A–K and data not
shown). Note that BrdU+ cells in E12.5 wild-type retinas were mainly
distributed within the inner part of ONB (Fig. 5B, D), while those in
DCC mutants dispersed in the whole ONB (Fig. 5G, I), indicating that
the migration of RPC from ONB into INB might be affected in DCC
mutants. On the other hand, unlike the unchanged proliferative RPC,
we found that the numbers of Tuj1+ postmitotic neurons in the INB of
mutant retinas began to decrease at E12.5 and remained the
signiﬁcant cell loss from E14.5 to P0 as compared with their wild-
type littermates (Fig. 5C, D, H, I, L, and data not shown). Moreover, we
examined the various retinal precursor makers at early stage, Atoh7
and Islet1 for RGC precursors (Brown et al., 2001; Elshatory et al.,
2007), Otx2 and NeuroD1 for photoreceptor and amacrine precursors
(Morrow et al., 1999; Nishida et al., 2003), Ptf1a for amacrine and
horizontal precursors (Fujitani et al., 2006; Nakhai et al., 2007), and
Bhlhb5 for bipolar and amacrine precursors (Feng et al., 2006). We
found no obvious differences in their expression between DCCmutante used to identify neurogenesis at E11.5 (A, F), E12.5 (B, G, D, I), and E14.5 (E, J) in the
een wild types andmutants at various stages. By contrast, Tuj1-expressing cells were in
C–E). INB, inner neuroblastic layer; ONB, outer neuroblastic layer. Scale bar: 50 μm. (K)
ndDCCmutant retinas. (L) Tuj1-positive cells per section were signiﬁcantly decreased in
ared with wild-type controls.
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indicate that cellular proliferation and retinal cell speciﬁcation in DCC
mutant retinas appear normal and not responsible for the diminished
cellularity in the GCL.DCC mutant enhances apoptosis of the developing mouse retina
Now that no proliferation defects were observed in DCC mutant
retina, the cell deathwas reasonably investigated as a cause of cell loss
in the GCL. TUNEL assays revealed a signiﬁcant increase in the
numbers of TUNEL+ cells at E12.5, E14.5, E16.5, and P0 in DCCmutant
retinas (Figs. 6 and 7A–C, G–I). Quantitative analysis of cell death
showed that compared with wild types, both DCC−/− and DCCkanga
retinas demonstrated a signiﬁcant increase in the numbers of TUNEL+
cells from E12.5 to P0 (Figs. 6I, 7J and data not shown). Moreover,
antibody speciﬁc to activated Caspase3, an effector caspase, was
utilized to identify apoptosis. Virtually similar to the patterns of
apoptosis yielded by TUNEL assays, mutant retinas displayed
signiﬁcantly increased numbers of activated Caspase3+ cells at
E14.5, E16.5, and P0 (Fig. 7D–F and Supplemental Fig. 3). Quantitative
analysis showed that P0 DCC−/− and DCCkanga retinas displayed
signiﬁcant 3.6- and 3.2-fold increase in the numbers of Caspase3+
cells, respectively (Fig. 7K). We also noted that although apoptotic
cells were observed within the whole retina of mutant mice, the
majority of apoptotic cells (more than 75%) were distributed in the
GCL (Fig. 7J, K). Therefore, the enhanced cell death is very likely to be
responsible for the cell loss in the GCL of DCC mutant retinas.
To determine whether the apoptotic cells were RGCs or displaced
amacrine cells, we performed double-immunostaining experiments
with antibodies to Brn3/TUNEL, Brn3/Caspase3, and Calretinin/TUNEL.
At E14.5, E16.5, and P0, some TUNEL+ or Caspase3+ cells in DCC
mutant retinas were Brn3-immunoreactive (Fig. 7A–F and Supple-
mental Fig. 3). By contrast, these double-labeled neurons were rarely
observed in wild-type controls. Similarly, in P0 mutant retinas, many
Calretinin+displaced amacrine cells were TUNEL-positive (Fig. 7G–I).
Additionally, sinceDCC is mainly expressed in the postmitotic neurons
but not in the RPC (Gad et al., 2000) (also see Fig. 1), we propose that
DCC mutant may not affect the death of RPC. Taken together, ourFig. 6. Characterization of apoptosis by TUNEL analysis in the developing retina of DCCmutan
E11.5 (A, E), E12.5 (B, F), E14.5 (C, G), and E16.5 (D, H). At E11.5, apoptotic cells were compa
apoptotic cells began to be evident (B). At E14.5 and E16.5, there wasmore TUNEL staining in
of TUNEL+ cells per section at E11.5, E12.5, E14.5, and E16.5 in the wild-type and DCCmutanresults support a speciﬁc requirement of DCC for the survival of RGCs
and subpopulation of amacrine cells in retinal development.
Discussion
DCC is well known for its roles in axon guidance (Dickson, 2002;
Keino-Masu et al., 1996) and neuronal migration (Ding et al., 2005;
Murase and Horwitz, 2002; Shi et al., 2008). Recently, a number of in
vitro studies showed that DCC is involved in the induction of
apoptosis, and this proapoptotic activity can be blocked in the
presence of Netrin-1 (Furne et al., 2006; Matsunaga et al., 2004;
Mehlen and Thibert, 2004). However, our present in vivo evidence
argued against this view and revealed that DCC is essential for the
neuron survival (e.g., RGCs and displaced amacrine cells) in the
developing retina model, and loss of DCC function results in
signiﬁcant apoptosis of these two types of neurons in the GCL.
DCC mutant causes the death of postmitotic neurons
Our data showed that the neurons in the GCL were signiﬁcantly
reduced in DCC−/− and DCC kanga retinas at P0 (Figs. 2 and 3).
Defective neurogenesis during development is a common cause for
the loss of neurons. However, our BrdU pulsing assays showed a
comparable number of BrdU-labeled cells in DCC−/− retinas relative
to wild-type controls (Fig. 5 and Supplemental Fig. 2). If the reduction
of the neurons in the GCL of DCC mutant retinas does not result from
impaired neurogenesis, then it probably can be explained by the cell
death. This possibility is consistent with the pattern of TUNEL+ and
Caspase3+ cells in DCC−/− and DCCkanga retinas at both embryonic
and postnatal stages (Figs. 6, 7, and Supplemental Fig. 3). Further-
more, our double-labeling assays revealed that the pattern of cell
death overlaps with the production of postmitotic cells such as RGCs
and displaced amacrine cells during development (Fig. 7 and
Supplemental Fig. 3). On the other hand, DCC mutant seems not to
lead to the death of PRC since DCC is mainly expressed in the
postmitotic cells but not progenitor cells (Gad et al., 2000) (Fig. 1).
Thus, these data indicate that DCC loss-of-function results in a
signiﬁcant cell death of postmitotic neurons.ts. TUNEL staining was performed in wild-type (A–D) and DCCmutant (E–H) retinas at
rable between wild-type (A) and mutant (E) retinas. However, in E12.5 mutant retinas,
mutant retinas (G, H) than in wild-type retinas (C, D). Scale bar: 50 μm. (I) Quantitation
t retinas. *Pb0.05 indicates signiﬁcant difference, as compared with wild-type controls.
Fig. 7. Increased apoptosis in the GCL of DCC−/− and DCC kanga retinas at P0. (A–I) In wild-type (A, D, G), DCC−/− (B, E, H), and DCC kanga (C, F, I) retinas, cell death of RGCs and
displaced amacrine cells was determined by double-labeling analysis of TUNEL/Brn3 (A–C), cleaved Caspase3 (Casp3)/Brn3 (D–F) and TUNEL/Calretinin (G–I), respectively. The
sections were counterstained with Hoechst. Insets magnify cells indicated by arrowheads. Scale bar: 50 μm. (J, K) Quantitation of the numbers of TUNEL+ (J) and Caspase3+ (K) cells
per section in the GCL and whole retina of DCC−/− and DCC kangamice at P0. Compared with wild-type controls, TUNEL- or Caspase3-labeling cells were observed in the whole retina
of mutant mice while more than 75% of those were distributed in the GCL. *,#Pb0.05 represents signiﬁcant difference, as compared with wild-type controls.
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function leads to the hypoplasia of optic nerve, and the authors
contributed the cause that the axons from RGCs lost the molecular
guidance and failed to exit into the optic nerve to the hypoplasia
(Deiner et al., 1997). However, our ﬁndings provide the additional
evidence that DCC mutant-induced cell death of a large number of
RGCs accounts for optic nerve hypoplasia as well. In this regard, other
studies reported that transcription factor Dlx1/2 (de Melo et al., 2005)
and alternative-splicing factor Sfrs1 (Kanadia et al., 2008) are all
essential for RGC survival, and their loss-of-function results in obvious
hypoplasia of optic nerve.
DCC, an immunoglobulin superfamily receptor, contains a cyto-
plasmic region with three conserved domains, namely, P1, P2, and P3
(Kolodziej et al., 1996), among which the intracellular P3 domain is
important for DCC functions. A group of studies have demonstrated
that DCC–P3 domain plays key roles in Netrin-induced neurite
outgrowth, axon guidance, and neuronal migration (Finger et al.,
2002; Hong et al., 1999; Kolodziej et al., 1996; Stein et al., 2001; Xie et
al., 2005, 2006). To explore whether DCC–P3 domain is also involved
in neuronal survival during development, we utilized DCCkanga mice
lacking the P3 domain (Finger et al., 2002) and found a signiﬁcant
increase in the number of apoptotic neurons in mutant GCL compared
to wild-type controls (Fig. 7). Thus, the P3 domain of DCC receptor is
essential for neuronal survival during mouse retina development.DCC is proposed as a dependence receptor (Mehlen and Mazelin,
2003; Mehlen et al., 1998) and induces the cell death in the absence of
Netrin-1 ligand. Forced expression of DCC in the developing chick
neural tube triggered the cell death whereas cultured DCC−/−
commissural neurons showed increased survival (Furne et al.,
2008). The proapoptotic effect of DCC was found to be mediated via
a caspase-dependent pathway (Forcet et al., 2001; Mehlen et al.,
1998). However, our present ﬁndings revealed that DCC is essential
for neuron survival of developing mouse retina, which seems to be
contradictory to the view that DCC is required for the induction of
apoptosis. We proposed that under physiological conditions, Netrin-1
ligand and DCC receptor are ﬁnely coordinated. Netrin-1 needs DCC to
perform its functions, such as axon guidance and cell survival. Once
DCC is mutated, the neurons cannot receive any signaling from
Netrin-1 and subsequently undergo a defective developmental
process, including the cell death.
DCC mutant affects the survival of speciﬁc neuronal subpopulations
Although a previous study revealed that DCC is expressed in
multiple neuronal populations of developing mouse retina (Gad et al.,
2000), an intriguing ﬁnding of our present study is that DCC mutant
mainly resulted in enhanced apoptosis of the neurons in the GCL (i.e.,
RGCs and displaced amacrine cells) but did not affect other cell types,
95M. Shi et al. / Developmental Biology 348 (2010) 87–96such as amacrine cells, horizontal cells, bipolar cells, photoreceptors,
and Müller cells (Fig. 4). We still lack the knowledge about this
speciﬁc cell loss induced by DCC mutant. However, we note that the
affected RGCs and displaced amacrine cells are among the earliest-
born neuronal types in the retina, which undergo the migration from
ventricular zone to mantle layer, while the later born neurons and
Müller cells were not as severely reduced. This ﬁnding is conﬁrmed by
our results that most of apoptotic cells were observed in the GCL
rather than NBL (Fig. 7). Thus we propose a dual role of DCC in mouse
retinal development. During early embryonic stages, DCC expression
is initiated in the earliest postmitotic neurons (e.g., RGCs and
displaced amacrine cells), immediately after they had undergone
terminal differentiation. At this time, DCC may function in the
neuronal migration and survival but not in the speciﬁcation and
differentiation. On the other hand, during late embryonic and
postnatal stages when most of neurons had ﬁnished their terminal
differentiation, DCC may mainly involve in other developing events,
such as neurite outgrowth and axon guidance (Deiner et al., 1997).
Further studies are required to determine the exact mechanism(s) by
which DCC regulates retinal neuron development. Taken together, our
present data underscore the essential role of DCC in neuronal survival
of developing mouse retina.
Conclusion
Here we provide the evidence that DCC is essential for the survival
of certain neuron populations (RGCs and displaced amacrine cells)
during retinal development, and the DCC–P3 domain is of importance
for DCC function in neuronal survival.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2010.09.013.
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